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SUMMARY 
 
The task of selecting and scaling an appropriate set of ground motion records is one of the most 
important challenges facing practitioners in conducting response history analyses (RHA) for 
seismic design and risk assessment. Ironically, this is also the single task with the least guidance 
provided in current building codes, resulting in the use of mostly subjective choices in design. The 
research effort described in this paper focuses on an experimental evaluation of selected ground 
motion scaling methods based on extensive shake-table tests of small-scale linear-elastic 
building frame structures with four different fundamental periods. The experimental results are 
then extended to a wider range of structural periods using a validated analytical model to assess 
the effectiveness of the scaling methods in reducing the dispersion and increasing the accuracy in 
seismic demand estimates. For structures with limited nonlinearity, the test and analysis results 
stress the potential uncertainty from scaling methods that are based on the knowledge of the 
exact properties of the structure. 
 
KEY WORDS: response history analysis; ground motion selection and scaling; linear-elastic 
structures; seismic design 
 
 

INTRODUCTION 
 

This paper describes an experimental investigation on the scaling of ground motion records for use in 
linear-elastic response history analysis (RHA) of building structures. In recent years, as performance-
based seismic design considerations have become pre-requisite for controlling the level of structural 
and non-structural damage during an earthquake, the use of RHA has gained utmost importance. This 
rigorous analysis method requires, as input, a suite of ground motion records that have been 
selected and modified (i.e., scaled) appropriately to make them compatible with the site-specific 
hazard level(s) considered [e.g., Service Basis Earthquake (SBE); Design Basis Earthquake (DBE)]. 
Ground motion scaling has a large impact on RHA results, governing the outcome and amount of 
uncertainty from seismic design. Ironically, this is also the single task with the least guidance provided 
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in current building codes and provisions, resulting in the use of mostly subjective choices in the use of 
ground motions.  

While the seismic design of most civil engineering structures is based on significant 
nonlinear behavior under a large earthquake, the dynamic response of linear-elastic systems is 
relevant for many applications such as critical structures that are required to remain linear-elastic 
(e.g., nuclear power reactor buildings), very tall or very short structures, and structures under 
small or moderate seismic activity where significant nonlinearity is not expected (e.g., service 
level response). Considering these issues, this paper focuses on the measured response from 
small-scale shake-table experiments of linear-elastic multi-story building frame structures under 
ground motion sets that have been scaled using different methods. The experimental results are 
then extended to a wider range of structural periods using a validated analytical model to assess 
the effectiveness of the scaling methods in reducing the dispersion and increasing the accuracy in 
the lateral displacement demands. 

Most of the research to date on ground motion scaling has been on single-degree-of-
freedom systems [e.g., 1-11], with fewer studies on multi-degree-of-freedom systems [12-20]. 
For scaling methods that depend on an estimated fundamental period for the structure, no 
consideration has been given on the impact of errors in the estimated period. Furthermore, the 
previous research is based solely on numerical simulations, with no experimental data available 
for the validation of the results. While previous shake-table experiments of small-scale linear-
elastic structures are available in the literature [e.g., 21-24], none of these studies have 
investigated ground motion scaling. These factors have contributed to a lack of consensus on 
which scaling methods would be best suited to achieve reliable, robust median demand estimates 
over a range of structural properties. The shake-table tests described in this paper form the first 
experimental study to evaluate the accuracy (that is, ability to provide accurate estimates of the 
median demands as if a much larger set of records were used) and efficiency (that is, ability to 
minimize the number of records needed to reliably obtain these accurate median demand 
estimates) of ground motion scaling methods, including the effects of biased selection of ground 
motion records used in the analysis. 

 
 

CURRENT PRACTICE AND CHALLENGES 
 
Procedures for selecting and scaling ground motion records for a site-specific seismic hazard analysis 
are broadly described in current building codes. The ground motion selection and scaling procedures in 
IBC [25] and CBC [26] are based on ASCE 7-05 [27]. According to the ASCE provisions, the average 
5%-damped linear-elastic acceleration response spectrum for a set of scaled records should not 
be less than the design spectrum over the period range from 0.2T1 to 1.5T1, where T1 is the 
fundamental vibration period of the structure being designed. The design value of an engineering 
demand parameter (EDP) — member deformations, lateral displacements, floor accelerations, 
etc. — is taken as the average value of the EDP if seven or more records are used in the analysis, 
or its maximum value over all ground motions if the structure is analyzed for less than seven 
records (ASCE 7-05 requires a minimum of 3 records). These requirements are the same as those 
in ASCE 7-10 [28]. The required number of records prescribed by ASCE-7 is based on 
engineering judgment instead of a comprehensive evaluation [29]. 

Scaling methods that result in inaccurate estimates of the median EDPs with significant 
dispersion in the demands from the individual records in an ensemble can drastically alter the 
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design outcome depending on the records selected, thus diminishing engineering confidence. To 
demonstrate the challenges for current practice, Figure 1 shows the measured peak roof drift 
demands, ∆  (i.e., peak lateral displacement,  divided by the height to the roof) for one of the 
test structures described in this paper (Frame LE2) subjected to a suite of 25 ground motion 
records satisfying the ASCE 7-10 [28] scaling requirement. The ground motion intensity is 
plotted on the x-axis using the spectral acceleration of each ground motion at the fundamental 
period of the structure, Sa(T1) at a structural damping value of 5%. It can be seen that the drift 
demands from the ground motion records range from a minimum of slightly less than 0.1% to a 
maximum of about 1.2%. It is clear that if only the peak demand from 3 records were used in 
design, as allowed by ASCE 7-10, then the design outcome (i.e., over-design, under-design, 
satisfactory) can be drastically altered depending on the records selected. Although the use of a 
large number of records may improve the median EDP estimates, this approach may not be practical. 
Furthermore, the use of a large number of records does not answer the question on how these records 
should be scaled for a given design scenario. Thus, there is a need to develop the knowledge to achieve 
reliable demand estimates from RHA used in seismic design and assessment. This paper focuses on this 
issue. 

 

Figure 1. Peak roof drift, ∆  demands for Frame LE2.  
 

 
BACKGROUND 

 
Previous research on ground motion scaling has primarily focused on “intensity-based” methods over 
“spectral matching.” Spectral matching methods modify the frequency content or phasing of the record 
to match its response spectrum to a target spectrum, whereas intensity-based methods preserve the 
original non-stationary content of the ground motion record and only modify its amplitude using one or 
more intensity measures (IMs) to determine the appropriate scaling factors. The earliest approach 
to the problem is the scaling of ground motions to match a target peak ground acceleration (PGA), 
which has been shown to produce inaccurate median EDP estimates with large dispersion 
[2,3,4,12]. Other scalar IMs such as the effective peak acceleration, Arias intensity, and effective 
peak velocity have also been found inaccurate and inefficient [15]. On the other hand, the 
maximum incremental velocity (MIV, defined as the maximum area under the acceleration time-
history of a ground motion between two consecutive zero acceleration crossings), which captures 
the impulsive characteristics of a ground motion record, can be a good indicator of the seismic 
demands [15,30-32]. 
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None of the above IMs consider any property of the structure being designed in 
determining the ground motion scaling factors. Including a vibration property of the structure can 
lead to improved methods. For example, scaling records to a target linear-elastic spectral 
acceleration, Sa(T1) at the fundamental period of the structure, T1, can provide improved EDP 
estimates for structures whose response is dominated by their first mode of vibration [13]. 
However, it has been shown that this scaling method becomes less accurate and less efficient for 
taller structures with significant higher mode response or for structures responding far into the 
nonlinear range [15,16]. To consider higher mode response, a scalar IM that combines the 
spectral accelerations Sa(T1) and Sa(T2) at the first two periods, as well as a vector IM based on 
Sa(T1) and the Sa(T1)/Sa(T2) ratio have been studied [6]. While this vector IM improves accuracy, 
it remains inefficient for near-fault records with a dominant velocity pulse. 

 
 

GROUND MOTION RECORDS AND SCALING METHODS 
  
Due to a lack of specific guidelines, practitioners often select ground motion records based solely 
on distance, site conditions, and magnitude of the characteristic event expected to dominate the 
seismic hazard. However, many other factors, such as rupture directivity and/or basin effects 
contribute to the intensity and frequency content of a ground motion at a site. For example, as 
described in Kalkan and Kunnath [33,34], “forward directivity” and “fling-step” motions with 
long-period, large-amplitude pulses may impose large displacement demands that need to be 
dissipated in a single or relatively few response cycles of the structure.  

For the selection of the ground motions in this study, a set of criteria and identification 
algorithms [35] were adopted to distinguish earthquake records based on their characteristic 
attributes associated with source, directivity, site, and/or basin effects (e.g., cyclic versus 
impulsive records; records with high, mid, or low frequency content; short or long duration 
records). Basin, duration, and pulse attributes of the records were investigated by frequency 
domain analyses; whereas, directivity and fling attributes were identified from the orientation of 
accelerometers relative to the fault strike. These attributes were then used to categorize a large 
library of records [36] to facilitate the selection of the most suitable ground motions for different 
site-specific hazard conditions. Based on this refinement and pre-selection process, a suite of 39 
near-fault strong ground motions, recorded within 20 km of the causative fault in shallow-crustal 
tectonic environments, were compiled as shown in Table 1. Note that while all 39 records were 
used in the analytical investigation, only the 25 records in the gray shaded rows of Table 1 were 
used in the shake table experiments described in this paper. 

Based on the records in Table 1, the following 6 suites of ground motions were utilized in 
this research: 

 GM[Uns] – Unscaled ground motions from Table 1; 
 GM[ASCE7] – Ground motions in Table 1 scaled based on ASCE 7-10 [28]; 
 GM[MIV] – Ground motions in Table 1 scaled to the median MIV of the suite; 
 GM[Sa(T1)] – Ground motions in Table 1 scaled to the median linear-elastic single-

degree-of-freedom spectral acceleration at the fundamental period of the structure, T1; 
 GM[Sa(1.3T1)] – Ground motions in Table 1 scaled to the median linear-elastic spectral 

acceleration at 1.3T1; 
 GM[Sa(0.7T1)] – Ground motions in Table 1 scaled to the median linear-elastic spectral 

acceleration at 0.7T1. 

Page 4 of 20

http://mc.manuscriptcentral.com/eqe

Earthquake Engineering and Structural Dynamics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

5 
 

Table 1. Selected near-fault ground motion records.  
Record 

ID 
Earthquake 

Name 
Station 
Name 

Year
Magnitude

Mw 
Fault Dist. 

(km) 
VS30 

(m/s) 
PGA 
(g) 

MIV 
(m/s) 

1058-E Duzce, Turkey Lamont 1058 1999 7.1 0.2 425 0.111 0.256 
1059-N Duzce, Turkey Lamont 1059 1999 7.1 4.2 425 0.147 0.103 
1061-E Duzce, Turkey Lamont 1061 1999 7.1 11.5 481 0.134 0.144 
1062-E Duzce, Turkey Lamont 1062 1999 7.1 9.2 338 0.257 0.256 
375-N Duzce, Turkey Lamont 375 1999 7.1 3.9 425 0.970 0.612 
531-N Duzce, Turkey Lamont 531 1999 7.1 8 660 0.159 0.160 
BOL090 Duzce, Turkey Bolu 1999 7.1 12 326 0.822 1.237 
DZC270 Duzce, Turkey Duzce 1999 7.1 6.7 276 0.535 1.108 
A-CTR270 Irpinia, Italy Calitri 1980 6.9 17.6 600 0.176 0.348 
AMA090 Kobe, Japan Amagasaki 1995 6.9 11.3 256 0.363 0.825 
FKS090 Kobe, Japan Fukushima 1995 6.9 17.9 256 0.216 0.543 
KJM000 Kobe, Japan KJMA 1995 6.9 1 312 0.821 1.586 
NIS090 Kobe, Japan Nishi-Akashi 1995 6.9 7.1 609 0.503 0.588 
PRI000 Kobe, Japan Port Island (0 m) 1995 6.9 3.3 198 0.315 1.494 
SHI000 Kobe, Japan Shin-Osaka 1995 6.9 19.1 256 0.243 0.501 
TAK090 Kobe, Japan Takatori 1995 6.9 1.5 256 0.616 1.862 
TAZ090 Kobe, Japan Takarazuka 1995 6.9 0.3 312 0.694 1.050 
BRN090 Loma Prieta, CA BRAN 1989 6.9 10.7 376 0.501 0.710 
CAP000 Loma Prieta, CA Capitola 1989 6.9 15.2 289 0.529 0.625 
CLS000 Loma Prieta, CA Corralitos 1989 6.9 3.9 463 0.644 0.829 
G02000 Loma Prieta, CA Gilroy Array #2 1989 6.9 11.1 271 0.367 0.507 
G03000 Loma Prieta, CA Gilroy Array #3 1989 6.9 12.8 350 0.555 0.537 
G04000 Loma Prieta, CA Gilroy Array #4 1989 6.9 14.3 222 0.417 0.547 
G06090 Loma Prieta, CA Gilroy Array #6 1989 6.9 18.3 664 0.170 0.208 
GIL067 Loma Prieta, CA Gilroy-Gavilan Coll. 1989 6.9 10 730 0.357 0.331 
GOF160 Loma Prieta, CA Gilroy-Historic Bldg. 1989 6.9 11 339 0.284 0.777 
LGP090 Loma Prieta, CA LGPC 1989 6.9 5 1070 0.605 0.615 
LOB000 Loma Prieta, CA UCSC Lick Observatory 1989 6.9 18.4 714 0.450 0.290 
SJTE225 Loma Prieta, CA San Jose-Santa Teresa Hills 1989 6.9 14.7 672 0.275 0.239 
STG000 Loma Prieta, CA Saratoga-Aloha Ave 1989 6.9 8.5 371 0.512 0.588 
UC2090 Loma Prieta, CA UCSC 1989 6.9 18.5 714 0.396 0.200 
WAH090 Loma Prieta, CA WAHO 1989 6.9 17.5 376 0.638 0.466 
WVC270 Loma Prieta, CA Saratoga-W Valley Coll. 1989 6.9 9.3 371 0.332 0.673 
CPM000 Cape Mendocino, CA Cape Mendocino 1992 7.0 7 514 1.497 1.196 
FOR000 Cape Mendocino, CA Fortuna-Fortuna Blvd 1992 7.0 19.9 457 0.116 0.372 
PET090 Cape Mendocino, CA Petrolia 1992 7.0 8.2 713 0.662 1.232 
RIO360 Cape Mendocino, CA Rio Dell Overpass-FF 1992 7.0 14.3 312 0.549 0.737 
HEC090 Hector Mine, CA Hector 1999 7.1 12 685 0.337 0.480 
I-ELC180 Imperial Valley-02 El Centro Array #9 1940 6.9 6.1 213 0.313 0.462 

 
 Figure 2 shows the linear-elastic acceleration response spectra of the ground motion 
records in Suites GM[Uns], GM[MIV] as well as the records in Suites GM[ASCE7], GM[Sa(T1)], 
GM[Sa(1.3T1)], and GM[Sa(0.7T1)] based on the fundamental period, T1 of Frame LE2. The 
spectra are plotted using the measured viscous damping, ξ for Frame LE2 under each suite as 
described later. Note that with the exception of the MIV-scaled records, the other scaling 
methods investigated in this paper depend on T1. Suites GM[Sa(1.3T1)] and GM[Sa(0.7T1)] 
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investigate the effects of uncertainties in structural period estimation (i.e., inaccuracies in period 
estimation that could be expected in typical design practice) by introducing a 30% error in T1.  

In applying the ASCE-7 scaling method, the ground motions were scaled such that the 
average 5%-damped linear-elastic acceleration response spectrum for the suite was not less than 
the median response spectrum of the unscaled records over the period range from 0.2T1 to 1.5T1. 
The median spectrum rather than a code-based design spectrum was used so as not to introduce 
any bias to the study. A different scaling factor was determined for each record in the 
GM[ASCE7] suite to minimize the SRSS error between the spectrum of the scaled record and 
the target median spectrum within the period range from 0.2T1 to 1.5T1. Note that the ASCE-7 
method does not result in a unique scaling factor for each record; various combinations of 
scaling factors can be found to satisfy the requirement that the mean spectrum of the scaled 
records remains above the target spectrum over the specified period range. An algorithm, given 
in Appendix A of Kalkan and Chopra (2010), was used in determining the scaling factors for the 
GM[ASCE7] suite in this paper. 

 

Figure 2. Linear-elastic acceleration response spectra, Sa: (a) GM[Uns]; (b) GM[ASCE7]; 
(c) GM[MIV]; (d) GM[Sa(T1)]; (e) GM[Sa(1.3T1)]; (f) GM[Sa(0.7T1)].  

 
 

TEST STRUCTURES 
 
As shown in Figure 3(a), the frame structure configuration selected for the experimental 
investigation was a six-story single-bay system with center-to-center span length of 762 mm and 
story height of 432 mm. These dimensions correspond to a building length-scale of, 
approximately, SL=1/10. The structure was subjected to the six ground motion suites described 
previously with a time-scale of ST=1/3. The tests were conducted on a medium-size uniaxial 
shake table that consists of a hydraulic actuator/servo-valve assembly and a hydraulic power 
supply that drive a 1.2 m by 1.2 m slip table. Four different structure periods were investigated 
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by varying the amount of superimposed mass on the test frame as follows (using 21 kg steel 
mass plates attached to the midspan of each beam): 

 Frame LE1 – one superimposed mass plate at each floor and roof level 
 Frame LE2 – two mass plates at each floor and one plate at the roof  
 Frame LE3 – three mass plates at each floor and one plate at the roof  
 Frame LE4 – four mass plates at each floor and one plate at the roof 

 

 
               (a) (b) 

Figure 3. Six-story test frame: (a) schematic; (b) test setup. 
 

Figure 3(b) depicts Frame LE2 placed on the shake table, together with the measurement 
and out-of-plane bracing frames mounted onto the laboratory floor. The test frame was fabricated 
from extruded aluminum 6105-T5 alloy with a yield strength of 241 MN/m2. The beam and 
column member cross-sections were determined to result in stiffness appropriate with the scale 
model and adequate strength to prevent yielding. The extruded aluminum cross-section in Figure 
4(a), oriented in the weak direction (with moment of inertia, I=295524 mm4 and area, A=1935 
mm2) was used for all beam and column members. To achieve a modular structure, each beam-
column connection was constructed using three high-strength bolts passing through the column 
and screwing into holes tapped into the beam cross-section at each end. The column bases were 
constructed with pinned connections. Figure 4(b) depicts a close-up view of the pinned base 
connection, which consists of a steel plate bolted to the shake table top, two steel clevises bolted 
to the plate, and two steel eye brackets inserted into the clevises and bolted to an aluminum 
fixture at the column base. A tight tolerance greased steel pin was used through the eye bracket-
to-clevis connection to reduce friction while eliminating backlash effects. 

Two accelerometers were used to monitor the accelerations of the beam midspan at the 
roof and 4th floor level of the structure, and one additional accelerometer was placed directly on 
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the shake table. In addition to the table displacements, the displacements of the test structure 
were measured using seven free unguided LVDTs (six at the floor and roof levels and one at the 
base) anchored between the structure and a fixed measurement frame. A mounted LVDT can be 
seen in Figure 4(c). The clamps used to attach the LVDTs to the measurement frame were 
engineered to mitigate vibrations. The data was collected at a high sampling rate, resulting in 
close-to-simultaneous excitation and response measurements. 

 

 
 

BEHAVIOR OF TEST STRUCTURE UNDER STATIC LOADING 
 
To determine the lateral load versus displacement behavior of the test structure under static 
loading, monotonic and reversed-cyclic pushover experiments were conducted by holding the 4th 
floor of the frame stationary while slowly displacing the base using the shake table. At the 4th 
floor level, a steel rod with pin-ended connections [Figure 5(a)] was placed between the test 
structure and a relatively stiff steel loading frame. As the base of the structure was displaced, the 
resulting 4th floor force in the pin-ended rod was measured using an intermediary load cell. Two 
string pot transducers were used to measure the absolute lateral displacements at the base and 4th 
floor level of the structure (note that the 4th floor displacements were very small but not zero due 
to the deformations of the loading frame).  
 

 
                (a)                                (b) 

Figure 5. Static tests: (a) pin-ended rod and load cell assembly; (b) lateral load versus 
displacement behavior. 

                                  (a) (b) (c) 

Figure 4. Test details: (a) extrusion profile for beam and column members (courtesy 80/20® 
Inc.); (b) pinned connection at column base; (c) LVDT mounted to measurement frame. 
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The 4th floor lateral force versus relative (with respect to base) displacement behavior of 
the frame during two cycles of loading is shown using the thin black lines in Figure 5(b). The 
structure exhibited consistent and repeatable behavior in both the positive and negative loading 
directions, with a small amount of nonlinearity beginning at approximately 13 mm relative 
displacement. The nonlinear behavior occurred as the beam ends lost full contact with the 
columns due to the stretching of the beam-column connection bolts. The flexibility of the 
connection bolts also reduced the initial lateral stiffness of the frame (i.e., the beam-to-column 
connections were not perfectly rigid).  
 

 
DYNAMIC CHARACTERISTICS OF TEST FRAMES 

 
The dynamic characteristics of Frames LE1, LE2, LE3, and LE4 were measured by subjecting 
the structures to a series of sine-sweep tests. The results from three series of sine-sweep tests on 
Frame LE2 with base excitation amplitudes ranging from 0.13 mm to 0.38 mm can be seen in 
Figure 6(a), where the y-axis shows the ratio of the relative roof displacement amplitude to the 
base excitation amplitude and the x-axis shows the frequency of the sine wave exciting the 
structure. While some amplitude-dependency was observed in the results, the fundamental 
frequencies were found as f1= 5.32, 4.35, 3.82, and 3.42 Hz for Frames LE1, LE2, LE3, and LE4, 
respectively (corresponding to periods of T1=0.19, 0.23, 0.26, and 0.29 s, respectively). With the 
selected time-scale of ST=1/3, the test specimens correspond to full-scale structures with 
fundamental periods of T1=0.56, 0.69, 0.79, and 0.88 s, respectively. The measured mode shapes 
for Frame LE2 in the first two modes of vibration can be seen in Figure 6(b).  
 

 

Figure 6. Dynamic characteristics of Frame LE2: (a) resonance peaks; (b) first and second mode 
shapes; (c) decay of roof displacement response; (d) displacement-dependent damping. 
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 The damping ratio for each structure was determined using the logarithmic decrement 
method [37] on the decay of the measured displacement response at the roof. The logarithmic 
decrement method was applied to a series of peak roof displacement pairs with decreasing 
amplitudes, each pair 10 cycles apart as shown on the typical roof displacement time-history for 
Frame LE2 in Figure 6(c). As can be seen in Figure 6(d), a correlation was evident between the 
amplitude of the peak roof displacement and the amount of damping exhibited by the structure. 
For use in the dynamic response history analyses described later in the paper, a displacement-
dependent damping regression line [e.g., solid line in Figure 6(d)] was fit to the data for each 
structure (slight differences were observed in the damping regression lines for the four test 
frames). 

 
 

ANALYTICAL MODELING 
 
As shown in Figure 7, analytical models of the test structures were developed using the 
OpenSEES [38] and DRAIN-2DX [39] programs. The extruded aluminum cross-section in 
Figure 4(a) was modeled using fiber cross-sections for the beam and column members. The 
column bases were modeled as pinned and the flexibility of the beam-column connections (due 
to the flexibility of the connection bolts) was modeled by placing linear-elastic zero-length 
rotational springs at the beam ends. The stiffness of the rotational springs was determined by 
calibrating the model results [dashed-dotted line in Figure 5(b)] with the linear-elastic range of 
the measured lateral load versus displacement behavior of the structure.  
 

 

                                                (a)          (b) 
Figure 7. Analytical modeling: (a) overall model; (b) beam-column joint region. 

 
Modal analyses of the analytical models revealed excellent comparisons with the 

measured first mode shapes and frequencies for all four test structures. In addition, response 
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history analysis results for the structures were compared with measured dynamic response 
histories. For example, analytical and measured roof displacement response comparisons for the 
OpenSEES model of Frame LE2 under two unscaled ground motion records from Table 1 can be 
seen in Figure 8. Once the accuracy of the analytical results was deemed sufficient, the 
OpenSEES model was integrated with a Matlab® script to subject the structures to the six suites 
of ground motion records and to guide the shake table tests described in the next section. A 
slightly different damping ratio was used for each structure analyzed under each ground motion 
suite, as determined from the displacement-dependent damping regression line [e.g., solid line in 
Figure 6(d)] at the median peak roof displacement of the structure under that suite. 
 

 
                      (a)                            (b) 

Figure 8. Measured (top) and analytical (bottom) roof displacement responses of Frame LE2: 
(a) STG000; (b) CPM000. 

 
 

EFFECT OF GROUND MOTION SCALING  
 

With the characteristics of Frames LE1, LE2, LE3, and LE4 fully understood and the expected 
displacement demands from the ground motions in each suite estimated by the calibrated 
analytical models, the test specimens were subjected to the series of shake table experiments. For 
each structure, the pre-test analyses indicated several ground motion records likely to subject the 
frame through significant nonlinear displacements. These ground motion records were excluded 
from the experimental investigation, resulting in 25 records that were common to the testing of 
the four structures (gray shaded rows in Table 1). The peak roof drift (∆ ) demands from the six 
series of experiments for each structure are plotted in Figure 9 (note that the absolute values are 
used for all demands). It can be seen that the peak displacement demands from the GM[Uns] 
suite (■ markers) are not as strongly correlated to MIV as compared to the correlation with Sa.  
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(a) 
 
 
 
 
 
 
 
 
 
 

(b) 
 
 
 
 
 
 
 
 
 
 

(c) 
 
 
 
 
 
 
 
 
 
 

(d) 

 

Figure 9. Peak roof drift, ∆  demands plotted against Sa and MIV: (a) Frame LE1; (b) Frame LE2; 
(c) Frame LE3; (d) Frame LE4. 
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The median peak roof drift demand, ∆  as well as the coefficient of variation, COV of the 
peak roof drift demands for Frames LE1, LE2, LE3, and LE4 under each ground motion suite are 
listed in Table 2 (note that in addition to the test frames, Table 2 includes results from an 
analytical study described in the next section). The COV measure, defined as the ratio between 
the sample standard deviation and the sample mean, is used to assess the effectiveness of the 
scaling methods in reducing the dispersion in the peak demands. As can be expected for a linear-
elastic structure, the Sa(T1) scaling method produced the smallest dispersion in the peak roof drift 
demands. However, the dispersion more than doubled when a 30% error was introduced in 
period estimation, resulting in values greater than the dispersion from the MIV-scaled suite. 
These results are important in showing that, for structures with limited nonlinearity, inaccuracies 
in the estimation of a structure’s period can lead to a much larger dispersion in the seismic 
demand estimates when compared with the dispersion achieved with the records scaled based on 
the “exact” period. Ground motion scaling methods that are not dependent on the properties of 
the structure, such as scaling based on the MIV, not only result in a simpler procedure (since the 
same scaled ground motion set could be used for different buildings with similar site and seismic 
hazard characteristics) but may also produce less uncertainty in the estimated seismic demands. 
Out of the methods investigated in this paper, the ASCE-7 scaling method was the least 
consistent and least effective in reducing the dispersion in the peak roof drift demands of the four 
test structures, exhibiting a wide COV range from 0.47 to 0.79. For Frame LE4, the dispersion 
produced from the ASCE-7 method even surpassed that of the unscaled suite. 
 

Table 2. Summary results for peak roof drift demands. 

T1 (s) 
GM[Uns] GM[ASCE7] GM[MIV] GM[Sa(T1)] GM[Sa(1.3T1)] GM[Sa(0.7T1)] 

∆  (%) COV ∆  ∆  (%) COV ∆ ∆  (%) COV ∆ ∆  (%) COV ∆ ∆  (%) COV ∆  ∆  (%) COV ∆
0.15 0.335 0.656 0.294 0.409 0.371 0.409 0.286 0.083 0.305 0.427 0.291 0.501 
0.19 (LE1) 0.347 0.637 0.309 0.466 0.345 0.449 0.352 0.087 0.408 0.573 0.317 0.631 
0.23 (LE2) 0.435 0.748 0.445 0.588 0.447 0.526 0.439 0.225 0.482 0.558 0.435 0.533 
0.26 (LE3) 0.503 0.622 0.420 0.563 0.515 0.393 0.537 0.179 0.440 0.565 0.497 0.350 
0.29 (LE4) 0.454 0.593 0.414 0.786 0.492 0.385 0.630 0.222 0.615 0.621 0.508 0.580 
0.43 0.864 0.614 0.899 0.508 0.996 0.440 0.976 0.089 1.021 0.551 1.229 0.370 
0.53 0.955 0.558 1.032 0.511 1.211 0.415 0.988 0.146 1.179 0.452 1.083 0.402 
0.66 0.729 0.705 0.780 0.614 0.858 0.544 0.932 0.125 1.039 0.280 0.798 0.559 
0.81 0.616 0.688 0.827 0.402 0.795 0.447 0.960 0.158 0.893 0.469 0.824 0.329 
1.00 1.021 0.655 1.105 0.592 0.967 0.533 1.064 0.157 1.158 0.451 1.157 0.593 
 Note: The results shown for Frames LE1, LE2, LE3, and LE4 are test data. The corresponding analytical results 
were found to be very similar.  

 
 

ANALYTICAL EXTENSION OF RESULTS  
 
This section uses the validated analytical models of the test frames to extend the shake table 
results over a wider range of parameters. First, the superimposed floor and roof masses of the 6-
story OpenSEES model were varied to result in a series of 10 analytical structures with 
fundamental periods exponentially spaced between T1=0.15 s to 1.00 s (four of the selected periods 
matched the measured periods of Frames LE1 through LE4 for the validation of the results). This 
analytical period range, which corresponds to full-scale structural periods of 0.45 s to 3.00 s, is 
representative of a much wider range of buildings, including tall structures. The structures were 
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analyzed under the 6 suites of ground motions using the 25 records that were common to the testing of 
Frames LE1-LE4 (gray shaded rows in Table 1). As listed in Table 2 and shown in Figure 10, the 
dispersion in the resulting peak roof drift demands can be visualized as COV spectra from each 
ground motion suite. As may be expected for a linear-elastic structure, the dispersion from the 
Sa(T1) scaling method (* markers in Figure 10) consistently outperformed the other scaling 
methods throughout the entire range of periods. The unscaled suite (thick solid line with □ 
markers) produced the largest dispersion in the peak roof drift of 9 of the 10 structures, with the 
GM[ASCE7] (thick dotted line with ◊ markers), GM[Sa(1.3T1)], GM[Sa(0.7T1)], and GM[MIV] 
(thick dashed line with Δ markers) suites producing, on average, less dispersion in order of 
improved performance. These results confirm the potential vulnerabilities of structure-dependent 
ground motion scaling methods over a wider range of structure periods. 
 

Figure 10. Dispersion in peak roof drift demand, COV ∆  over a range of fundamental periods 
(Note: results shown for Frames LE1, LE2, LE3, and LE4 are test data). 

 
As a second analytical study, the OpenSEES model was extended to include 4-story and 

14-story structures in addition to the 6-story structure that was tested. The superimposed mass 
was held constant at 2 mass plates per floor and one plate on the roof, resulting in scaled 
fundamental periods of T1=0.16, 0.23, and 0.52 s for the 4-, 6-, and 14-story structures, 
respectively (corresponding to full-scale periods of 0.47, 0.69 and 1.55 s, respectively). The focus of 
this study was the “accuracy” of the ground motion scaling methods (that is, ability to provide accurate 
estimates of the median peak demands as if a much larger set of records were used). Thus, for each 
structure and scaling method, 9 subset ground motion bins were selected, each bin containing 7 records 
from the complete set of 39 records. Bins 1-3 were chosen randomly from the full set but an intentional 
bias was introduced into the remaining 6 subsets. For these subsets, Bins 4-6 were selected with a weak 
ground motion bias and Bins 7-9 were selected with a strong ground motion bias. To introduce this 
bias, the 39 ground motion records were sorted by ascending peak roof drift demand for each structure 
and the ground motions were either selected from below the median roof drift to introduce a weak bias 
or from above the median roof drift to introduce a strong bias. 

The accuracy of the scaling methods was evaluated using the inter-story drift ratio, δ , 
defined as the ratio between the median inter-story drift demand, δ  from each subset ground 
motion bin divided by the benchmark demand determined as the median inter-story drift demand, 
δ  from the full unscaled suite of 39 ground motions. The dispersion in the peak inter-story drift 
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demands, COV δ) was also calculated for each ground motion bin. The variation in δ  and 
COV δ) over the height of the 6-story frame (i.e., analytical model for Frame LE2) for the 9 
ground motion bins can be seen in Figures 11 and 12, respectively. 

 

Figure 11. Inter-story drift ratio, δ  for the 6-story frame: (a-i) Bins 1-9. 
 
In Figure 11, a value of 1.0 for δ  indicates perfect accuracy where the median inter-

story drift demand from the subset bin, δ  matches that of the unscaled full suite of ground 
motion records, δ . To quantify an overall measure of accuracy, the average absolute error in the 
median inter-story drift demand, | δ | was calculated for each bin by dividing the sum of the 
absolute error, | δ | | δ 1| values by the number of stories over the height. Similarly, 
the average dispersion in the inter-story drift was calculated as COV δ). Finally, to determine 
whether a scaling method was more likely to overestimate or underestimate the median demands, 
the maximum and minimum errors, δ max andmin δ 1  in the median inter-story 
drift demands over the height of each structure were also calculated. Positive values of δ  
indicate an overestimation of the median inter-story drift demand relative to the benchmark drift 
demand, potentially leading to an uneconomical design. Conversely, negative values of δ  
represent an underestimation of the median inter-story drift demand, potentially leading to an 
unconservative design.  
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The | δ |, COV δ), and δ  results for the 4-, 6-, and 14-story structures are plotted 
as bar graphs in Figures 13, 14, and 15. All three sets of results need to be taken into 
consideration to evaluate the effectiveness of a scaling method. For example, looking at Figure 
14(b) for the 6-story structure, the COV δ) value under Bin 7 from the unscaled ground motion 
suite is relatively small (indicating low dispersion in the inter-story drift demands). However, the 
| δ | and δ  values for the same bin are very large [Figures 13(b) and 15(b)], indicating 
poor accuracy in the results. 

 

Figure 12. Dispersion in inter-story drift demands, COV δ) for the 6-story frame: (a-i) Bins 1-9. 
 

While there is considerable variability in the results between the different bins, it can be 
seen in Figures 13, 14, and 15 that, on average, the Sa(T1) scaling method was more effective in 
minimizing bin dispersion, COV δ), and error, | δ | and δ . However, inaccuracies in 
period estimation can erode the effectiveness of the Sa(T1) method as demonstrated by the 
relatively poor performance of the Sa(1.3T1) and Sa(0.7T1) methods. The ASCE-7 and MIV 
scaling methods performed similarly for the 4- and 14-story structures but the MIV method was, 
on average, more effective than the ASCE-7 method for the 6-story structure. Note that although 
the ASCE-7 method requires scaling based on a range of structural periods [rather than only the 
fundamental period as required for the Sa(T1) method], this period range is still based on an 
estimate of the fundamental period thus making the ASCE-7 method susceptible to similar 
shortcomings as the Sa(T1) method. It may therefore be more advantageous to use the MIV 
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method, which is structure-independent and can be applied to a ground motion suite without the 
need to estimate the fundamental period of the structure. Any changes in the building properties 
would not require the scaled ground motion records to be iterated. 
 

         (a) (b) (c) 
Figure 13. Average absolute error in median inter-story drift demands, | δ | for Bins 1-9: (a) 4-

story frame; (b) 6-story frame; (c) 14-story frame. 
 

      (a)    (b)    (c) 
Figure 14. Average dispersion in inter-story drift demands, COV δ) for Bins 1-9: (a) 4-story 

frame; (b) 6-story frame; (c) 14-story frame. 
 

       (a)     (b)    (c) 
Figure 15. Maximum and minimum errors in median inter-story drift demands, δ  for Bins 

1-9: (a) 4-story frame; (b) 6-story frame; (c) 14-story frame. 
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SUMMARY AND CONCLUSIONS 
 
This paper describes an integrated experimental and analytical evaluation of selected ground 
motion scaling methods for use in the response history analysis of building frame structures 
exhibiting limited nonlinearity. The general experimental setup and the features of a 1/10-scale 
6-story linear-elastic test frame specimen are presented, along with the identification results for 
the static and dynamic properties of the structure. To extend the applicability of the experimental 
results, an analytical model was calibrated to the test structure and two separate analytical 
parameter studies were conducted to investigate the scaling methods over a wider range of 
building properties. The effectiveness of the scaling methods was evaluated by determining the 
dispersion in the peak roof drift and inter-story drift demands of the structures, as well as the 
accuracy in the median demands when a smaller subset of ground motion records was used, 
including the effects of biased selection of these records. Although the Sa(T1) scaling method was 
most effective in minimizing dispersion and maximizing accuracy, it was found that inaccuracies 
in the estimation of the fundamental period, T1 of the structure could erode this effectiveness as 
demonstrated by the relatively poor performance of the Sa(1.3T1) and Sa(0.7T1) methods. For 
structures with limited nonlinearity, these results stress the potential uncertainty from scaling 
methods that are based on the knowledge of the exact properties of the structure. The ASCE-7 
and MIV scaling methods performed similarly for the 4- and 14-story structures but the MIV 
method was, on average, more effective than the ASCE-7 method for the 6-story structure. It 
may be more advantageous to use the MIV scaling method, which is structure-independent and 
can be applied to a ground motion suite without the need to estimate the fundamental period of 
the structure being designed. 
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